The effects of murine oncostatin M (mOSM) are specifically mediated by the heterodimeric oncostatin M receptor (OSMR)/gp130 receptor complex. In the current study we demonstrate that murine adrenocortical Y-1 tumor cells express the OSMR/gp130 complex. Incubation of Y-1 cells with 1 and 10 ng/ml mOSM induces cell death due to specific induction of apoptosis. Western blot analysis of Y-1 cells incubated with mOSM for 24 h revealed caspase-3 cleavage and poly(ADP-ribase) polymerase (PARP) cleavage. In a proliferation assay system, incubation of Y-1 cells with 0·01, 0·1, 1 and 10 ng/ml mOSM for 24 h resulted in a decrease in cell numbers to 99 2%, 84 9%, 50 7% and 43 5% respectively of untreated control (defined as 100%). Pretreatment of Y-1 cells with the Jak2 inhibitor AG490 (100 µM) rescued Y-1 cells from OSM-induced (10 ng/ml) cell death. 
Introduction
Oncostatin M (OSM) is a member of the gp130 cytokine family (Gomez-Lechon 1999, Heinrich et al. 2003 . Signal transduction of gp130 cytokines encompasses activation of the Jak-STAT signaling cascade pathway as well as the ras-dependent MAP kinase (MAPK) pathway. Briefly, ligand binding to the gp130 receptor complex induces autophosphorylation of Janus kinases (Jak)s, followed by tyrosine phosphorylation of specific residues in the cytoplasmatic receptor domains and subsequent tyrosine phosphorylation of signal transducer and activator of transcription (STAT) factors. Phosphorylated STAT proteins (pSTATs) homo-or heterodimerize, translocate as dimers to the nucleus, and act as specific transcription factors binding to STAT binding elements in the promoter region of various genes. The tyrosine residue, Y757, in the cytoplasmatic domain of activated gp130 is essential for association of src homology 2 domain-bearing protein tyrosine phosphatase (SHP)-2 with gp130 and links Jak-mediated activation of gp130 to the ras-dependent MAPK pathway. Receptor complexes of gp130 cytokines are constituted by ligandspecific receptor subunits and the common receptor subunit gp130 (Heinrich et al. 2003) .
In human cells, human OSM (hOSM) can bind to the OSM receptor (OSMR)/gp130 complex, but can also signal through the leukemia inhibitory factor receptor (LIFR)/gp130 complex (Lindberg et al. 1998 , Tanaka et al. 1999 , Wang et al. 2000 . The LIFR/gp130 complex normally mediates signaling of LIF, another member of the gp130 cytokine family (Auernhammer & Melmed 2000) . Therefore, experiments using hOSM in human cell systems exhibit effects mediated either by the OSMR/gp130 or the LIFR/gp130 complex, or by both. Thus, the signaling pathway induced by hOSM is dependent on the cell-type specific expression pattern of OSMR, LIFR and gp130 receptor subunits respectively. In murine cells, hOSM cannot bind to the OSMR/gp130 complex, but only binds to the LIFR/gp130 complex. In contrast, signaling of murine (m) OSM is exclusively mediated by the OSMR/gp130 complex, while mOSM cannot bind to the LIFR/gp130 complex (Lindberg et al. 1998 , Tanaka et al. 1999 , Wang et al. 2000 . Therefore, experiments using hOSM in murine cell systems exhibit effects mediated by the LIFR/gp130 complex, while experiments using mOSM in murine cell systems exhibit effects mediated by the OSMR/gp130 complex. Thus, the signaling pathway induced by hOSM or mOSM in murine cell systems is exclusively different.
OSM has been reported to demonstrate inhibitory or stimulatory effects on cell growth in different cell types, as has recently been reviewed (Gomez-Lechon 1999 . Inhibition of cell growth by OSM has been reported in solid tissue tumor cells, melanoma cells, glioma cells, cerebral meningioma cells, normal and tumoral mammary cells and endothelial cells. In contrast, stimulation of cell growth by OSM has been reported in fibroblasts, smooth muscle cells, AIDS-related Kaposi's sarcoma cells and plasmocytoma cells (Gomez-Lechon 1999 . It has been suggested that OSM induces apoptosis in human primary neuronal cells (Ensoli et al. 1999) , as well as inhibiting apoptosis in human osteoblastic cells and lung fibroblasts (Bellido et al. 1998 , Scaffidi et al. 2002 . The divergent effects of OSM on cell growth and apoptosis might, in part, be due to different patterns of OSMR/gp130 and LIFR/gp130 complex expression and activation in various cell types. This phenomenon has not been taken into account by most of these studies.
In the current study we investigated the effects of mOSM on murine adrenocortical Y-1 tumor cells, thus using a unique cell culture model to study the specific effects of the OSMR/gp130 receptor complex. We demonstrate that adrenocortical Y-1 tumor cells express the OSMR/gp130 complex and that mOSM induces Jak-STAT signaling in these cells. Incubation with mOSM induces apoptosis of adrenocortical Y-1 tumor cells as shown by caspase-3 cleavage and poly(ADP-ribose) polymerase (PARP) cleavage. The decrease in cell number following incubation with mOSM is reversed by preincubation with the Jak2 inhibitor, AG490, and the general caspase inhibitor, Z-VAD-FMK. These data demonstrate Jak activation and subsequent caspase activation to be essential for mOSM-induced apoptosis in adrenocortical Y-1 tumor cells. The putative role of OSM as an immunotherapeutic agent in human adrenocortical cancer remains to be elucidated.
Materials and Methods

Materials
Cell culture plastic ware was from Becton Dickinson (Heidelberg, Germany), while culture media and all other cell culture reagents were from PAA Laboratories (Linz, Austria). Recombinant mOSM, hOSM and murine leukemia inhibitory factor (mLIF) were purchased from R&D Systems (Minneapolis, MN, USA). Antibodies against pSTAT3 and pSTAT1 were from Upstate Biotechnology (Lake Placid, NY, USA). Antibodies against pSTAT5, PARP and caspase-3 were from Cell Signaling, Cummings Center (Beverly, MA, USA). Antibodies against STAT3, STAT1 and STAT5 were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Horseradish peroxidase conjugated secondary antibodies to mouse or rabbit IgG and chemiluminescent substrate SuperSignal West Dura Extended Duration Substrate were from Pierce (Rockford, IL, USA). The Jak2 inhibitor, AG490, was from Calbiochem (Schwalbach, Germany) and the general caspase inhibitor, Z-VAD-FMK, was from Bachem (Heidelberg, Germany).
Cell culture
Murine adrenocortical Y-1 tumor cells were originally obtained from ATCC (Manassas, VA, USA). Y-1 cells were grown in complete medium (HAM'S F10 medium supplemented with 2·5% fetal calf serum and 15% horse serum) in a 5% CO 2 atmosphere. For the experiments, cells were seeded and grown for 24 h or 48 h, followed by serum depletion (HAM'S F10 medium with 0·2% BSA) overnight. Then, cytokines were added with fresh serumdepleted medium and samples collected at appropriate time points.
Cell proliferation assay system
Y-1 cells (0·3 10 6 ) were plated in 6-well plates. After an initial incubation for 24 h in complete HAM'S F10 medium, cells were cultivated for a further 24 h in serum-depleted medium, before agents for treatment were added with fresh serum-depleted medium for another 24 h. Afterwards, cells of each treatment group were trypsinated, harvested and resuspended in equal volumes, and 10 5 cells per group were replated in 96-well plates and grown for 24 h. To determine the relative number of viable cells in each group, CellTiter 96 aqueous cell proliferation kit (Promega) was used as described by the manufacturer. After 4 h of incubation with CellTiter 96 aqueous solution, absorbance at 492 nm was determined using an ELISA plate reader.
RT-PCR
RT was performed from mRNA samples using M-MLV Reverse Transcriptase (Invitrogen, Karlsruhe, Germany) according to the manufacturer's instructions. PCR was performed from cDNA probes on a GeneAmp PCR System 2400 using AmpliTaq DNA Polymerase (PerkinElmer, Foster City, CA, USA) and DMSO at a final concentration of 5%. An initial denaturation step (94 C, 3 min) was followed by 40 PCR cycles (denaturation 94 C, 1 min; annealing at appropriate temperature, 1 min; extension 72 C, 1 min) and terminated by a single elongation step at 72 C for 10 min. A 563 nt fragment of the murine OSMR cDNA (nt 94-657, Genebank Accession AF058805) was generated with a specific primer pair (sense 5 -AATGGCTTTCTCTGTGGTCCTTCA-3 , antisense 5 -CGTTCTACTCGGTTAGGTACCTC-3 ) at an annealing temperature of 58 C. A 315 nt fragment of the murine LIFR cDNA (nt 2618-2935, Genebank Accession NM_013584), was generated with a specific primer pair (sense 5 -GAGCATCCTTTGCTATCGGA AGC-3 , antisense 5 -CGTTATTTCCTCCTCGATG ATGG-3 ) at an annealing temperature of 56 C. A 689 nt fragment of the murine gp130 cDNA (nt 1863-2552, Genebank Accession X62646), was generated with a specific primer pair (sense 5 -CGTACACAGATGAAGG TGGGAAAG-3 , antisense 5 -CTTCAGGCTGACTG CAGTTCTGC-3 ) at an annealing temperature of 58 C.
Luciferase assay
Transient transfection of Y-1 cells with a 2757/+929 murine SOCS-3 promoter-luciferase construct in pGL3 Basic vector was performed with Lipofectamine (Invitrogen, Carlsbad, CA, USA) as described recently (Auernhammer et al. 1999 (Auernhammer et al. , 2003 . Following transfection, cells were grown for another 24 h before mOSM, mLIF or hOSM at a concentration of 10 ng/ml, each, were added in serum-depleted medium for 6 h. Following stimulation, supernatants were collected and luciferase activities were quantitated. Relative increase of untreated vs treated luciferase activity was calculated for each experiment.
Protein extraction and Western blotting
Protein extraction and Western blotting were performed as described recently (Auernhammer et al. 2003) . Briefly, cells were lysed in 500 µl lysis buffer (50 mM HEPES, 150 mM NaCl, 10 mM EDTA, 10 mM Na 4 P 2 O 7 , 100 mM NaF, 2 mM sodium orthovanadate, pH 7·4) containing 1% Triton X-100, 1 mM phenylmethylsulfonylfluoride, 2 µg/ml aprotinin and 20 µM leupeptin. The lysates were centrifuged at 13 000 g for 10 min at 4 C and supernatants were diluted 1:1 with SDS sample buffer (0·25 M Tris HCl, 40% glycerol, 2% sodium dodecyl sulfate (SDS), 1% dithiothreitol, bromophenol blue, pH 8·8). Samples were boiled for 5 min and separated on a 10% SDS polyacrylamide gel. Proteins were electrotransferred in 60 min onto PVDF membranes (Immobilone; Millipore, Eschboon, Germany) using a semi-dry Western blot technique. Membranes were blocked for 30 min in TBS-T buffer (0·02 M Tris-HCl, 0·15 M NaCl, 2% Tween 20, 0·01% sodium azide). The blocked membranes were incubated overnight in appropriate dilutions (PBS-T; 0·05 M sodium phosphate, 0·15 M NaCl, 2% Tween 20, pH 7) of antibodies against pSTAT1 (1:10 000), pSTAT3 (1:40 000), pSTAT5 (1:5000), PARP (1:1000) and caspase-3 (1:1000). After washing with PBS, the membranes were incubated with a peroxidase conjugated secondary antibody (goat anti-mouse or donkey antirabbit, depending on the primary antibody, 1:25 000 each) for 2 h. The blots were washed and immersed in the chemiluminescent substrate for 30 min and exposed to XOMAT-AR film (Eastman Kodak, Rochester, NY, USA). Afterwards, the membranes were stripped and incubations with antibodies to STAT-1 (1:20 000), STAT3 (1:40 000) and STAT5 (1:40 000) were performed as described above.
Statistical analysis
Statistical analysis was performed with JMP 5·0·1 software (SAS Institute Inc., Cary, NC, USA). The mean of a single treatment group was compared with the mean of a single control group with Student's t-test, and P,0·05 was considered statistically significant. The data are expressed as the mean S.E. of independently performed experiments.
Results
Expression of OSMR, LIFR and gp130 mRNA
Using RT-PCR, expression of gp130, OSMR and LIFR was found in mRNA derived from murine adrenocortical Y-1 tumor cells and adrenal tissue of C57Bl6 mice respectively (Fig. 1) . A 689 nt fragment of the murine gp130 cDNA (nt 1863-2552, Genebank Accession X62646), a 563 nt fragment of the murine OSMR cDNA (nt 94-657, Genebank Accession AF058805) and a 315 nt fragment of the murine LIFR cDNA (nt 2618-2935, Genebank Accession NM_013584) were generated. Appropriate sized bands derived from adrenocortical Y-1 tumor cell mRNA were cloned in pCR2·1 vector and full-length sequenced to verify their specificity.
STAT protein phosphorylation
Murine OSM significantly stimulated tyrosine phosphorylation of STAT5, STAT3 and STAT1 at 5 and 10 min ( Fig. 2A) . In contrast, mLIF and hOSM also significantly stimulated tyrosine phosphorylation of STAT3 at 5 and 10 min, but showed only a minor effect on tyrosine phosphorylation of STAT1. No effect of mLIF and hOSM was observed on tyrosine phosphorylation of STAT5 ( Fig. 2A) .
SOCS-3 expression
Luciferase activity of a 2757/+929 murine SOCS-3 promoter-luciferase construct was induced by mOSM 4·5 0·3-fold (P,0·001), while mLIF and hOSM caused only a 2·2 0·2-fold (P,0·001) and 2·0 0·1-fold (P,0·001) increase respectively (Fig. 2B) .
Cell viability and cell numbers
Untreated Y-1 cells were all adherent to the plastic ware, while after 24 h of incubation with mOSM (10 ng/ml) a large proportion of Y-1 cells was detached (Fig. 3A) ; in contrast, no effect on cell adherence was observed by incubation with mLIF and hOSM (data not shown).
Using a cell proliferation assay system, cell numbers were defined as 100% in untreated controls of each experiment series. The following experimental series were performed. (i) Incubation of Y-1 cells for 24 h with 10 ng/ml mOSM significantly decreased cell numbers to 37 3% vs control, while mLIF and hOSM had no significant effect (80 19% and 81 15%) (Fig. 3B). (ii) The effect of mOSM was dose-dependent as 0·01, 0·1, 1·0 and 10·0 ng/ml mOSM caused a decline in Y-1 cell numbers to 99 2%, 84 9%, 50 7% and 43 5% respectively vs control (Fig. 3C) . (iii) Preincubation of Y-1 cells with the Jak2 inhibitor AG490 (100 µM) prior to incubation with mOSM (10 ng/ml) almost completely abolished the suppressive effect of mOSM on Y-1 cell numbers (Fig. 4A) . While incubation of Y-1 cells for 24 h with mOSM significantly decreased cell numbers to 53 7% vs control, cell numbers of Y-1 cells preincubated with 100 µM AG490 prior to incubation with 10 ng/ml mOSM were 87 4% of control (P,0·001 vs mOSM; not significant vs untreated control). (iv) Preincubation of Y-1 cells with the general caspase inhibitor Z-VAD-FMK (42 µM) prior to incubation with mOSM (10 ng/ml) almost completely abolished the suppressive effect of mOSM on Y-1 cell numbers (Fig. 4B) . While incubation of Y-1 cells for 24 h with mOSM significantly decreased cell numbers to 65 3% vs control, cell numbers of Y-1 cells preincubated with 42 µM Z-VAD-FMK prior to incubation with 10 ng/ml mOSM were 92 6% of control (P,0·001 vs mOSM; not significant vs untreated control).
Cleavage of caspase-3 and PARP
In untreated Y-1 cells no cleaved caspase-3 and PARP products were detected. Following incubation of Y-1 cells with 10 ng/ml mOSM for 2, 6 and 24 h, respective cleavage products of caspase-3 (Fig. 5A) and PARP (Fig.  5B ) were detectable at 24 h.
Discussion
We have been able to show for the first time that the OSMR/gp130 ligand mOSM induces apoptosis in murine adrenocortical Y-1 tumor cells. were plated in individual wells in a 96-well plate. The cells were incubated for 24 h in HAM'S F10 medium containing 15% horse serum and 2·5% FCS and then for a further 24 h in serum-free medium. Cytokine treatment was performed with fresh serum-depleted medium for 24 h. Cell viability was assessed using CellTiter 96 aqueous proliferation assay and absorbance at 490 nm was determined. Cell viability of the control group was set at 100% and the relative viability of the cytokine-treated groups was calculated in comparison with the control group. (A) Y-1 cells treated for 24 h with 10 ng/ml mOSM compared with controls. (B) Y-1 cells were treated with 10 ng/ml mLIF, mOSM or hOSM for 24 h. Cell viability (mean values S.E.) of four independently performed experiments is shown. Significant differences are indicated with asterisks: *P,0·05, **P,0·01. (C) Dose-dependent effects of 0·01 to 10 ng/ml mOSM. Y-1 cells were treated with the indicated mOSM concentrations for 24 h. Cell viability (mean values S.E.) of three independently performed experiments is shown and significant differences are indicated with asterisks: ***P,0·001.
Murine OSM is a specific ligand to the OSMR/gp130 complex. hOSM and mLIF are specific LIFR/gp130 ligands in the murine system, while human OSM is able to exert its effects through OSMR as well as LIFR complexes in the human system (Lindberg et al. 1998 , Tanaka et al. 1999 , Wang et al. 2000 . The OSMR, LIFR and gp130 receptor subunits are expressed on adrenocortical Y-1 tumor cells (Fig. 1) . Incubation of Y-1 cells with the OSMR/gp130 ligand mOSM resulted in potent activation of STAT5, STAT3 and STAT1 ( Fig. 2A) . In contrast, incubation with the LIFR/gp130 ligands hOSM and mLIF resulted only in STAT3 and to a lesser extent also in STAT1 phosphorylation (Fig. 2A) . The 5 -region of murine SOCS-3 harbors a functionally essential STATbinding element located at 72 to 64 nt, which can bind STAT1/3 (Auernhammer et al. 1999) as well as STAT5 (Emanuelli et al. 2000) . Induction of the STATdependent SOCS-3 promoter activity was induced by mOSM more extensively than by hOSM or mLIF (Fig.  2B) .
Incubation of adrenocortical Y-1 cells with mOSM resulted in the detachment of a significant number of cells (Fig. 3A) and dose-dependently decreased the number of viable cells (Fig. 3C ). This effect was specific for mOSM, as it was not observed with hOSM or mLIF (Fig. 3B) . The mOSM-induced decline in viable cells was abolished by pretreatment with the Jak2 inhibitor, AG490 (Fig. 4A) , indicating the observed effects of mOSM on Y-1 cells to be Jak dependent. Growth inhibition of OSM has been reported to be STAT3 dependent in several cell lines (Hutt & DeWille 2002 , Lundquist et al. 2003 , Zhang et al. 2003 , but discrepant results have also been reported (Halfter et al. 2000) . We cannot exclude the possibility that in addition to specific induction of apoptosis cell cycle arrest and growth inhibition might also contribute to the effects of mOSM on Y-1 cells. Cleavage of caspase-3 and of PARP ( Fig. 5A and B) , as well as the rescue of the mOSM-induced decline in viable cell numbers by the general caspase inhibitor, Z-VAD-FMK (Fig. 4B ) strongly indicate induction of apoptosis by mOSM in adrenocortical Y-1 tumor cells.
In summary, OSM has been reported to have cellspecific antiproliferative as well as proliferative effects in a variety of different cell systems (Gomez-Lechon 1999 . However, since hOSM binds to both the OSMR/gp130 and to the LIFR/gp130 complex (Lindberg et al. 1998 , Tanaka et al. 1999 , Wang et al. 2000 , the specific effects of OSM mediated by the OSMR/gp130 complex remain unclear. Utilizing the specific and exclusive binding of mOSM to the murine OSMR/gp130 complex, we therefore present in our study in murine adrenocortical tumor cells a specific proapoptotic effect of OSM which is mediated specifically through the OSMR/gp130 complex. Future studies using OSMR knockout animals or an in vivo Y-1 tumor model in nude mice will further enlighten the putative role of the OSMR/gp130 ligand mOSM in apoptosis. A cell-specific apoptotic effect of OSM on adrenocortical cells might be a potentially important/ valuable mechanism for the development of a specific were plated in individual wells in a 96-well plate. The cells were incubated for 24 h in HAM'S F10 medium containing 15% horse serum and 2·5% FCS and then for a further 24 h in serum-free medium. Prior to treatment with mOSM (10 ng/ml) which was performed with fresh serum-depleted medium for 24 h, cells were incubated with specific inhibitors for 30 min. Cell viability was assessed using CellTiter 96 aqueous proliferation assay and absorbance at 490 nm was determined. Cell viability of the control group was set at 100% and the relative viability of the mOSM-treated groups was calculated in comparison with the control group. (A) Y-1 cells were treated with the Jak2 inhibitor AG490 (100 M) for 30 min prior to stimulation with 10 ng/ml mOSM for 24 h. Cell viability (mean values S.E.) of six independently performed experiments is shown. Significant differences are indicated with asterisks: ***P,0·001. (B) Y-1 cells were treated with the general caspase inhibitor Z-VAD-FMK (42 M) for 30 min prior to stimulation with 10 ng/ml mOSM for 24 h. Cell viability (mean values S.E.) of seven independently performed experiments is shown. Significant differences are indicated with asterisks: ***P,0·001. therapy for the highly malignant adrenocortical cancer. For hOSM, future studies will have to specify whether the observed effects in distinct cells are due to activation of the OSMR/gp130 or the LIFR/gp130 complex. A specific OSMR/gp130 ligand devoid of LIFR/gp130 affinity engineered by site-directed mutagenesis would also be valuable to further the study of growth inhibition and apoptosis in human cell systems. The putative role of OSMR ligands as an immunotherapeutic agent in human adrenocortical cancer remains to be elucidated. 
